Superoxide and superoxide dismutase in red blood cells by Anastasi, Angela et al.
69 
SUPEROXIDE AND SUPEROXIDE DISMUTASE 
I N RED BLOOD CELLS 
ANGELA ANASTASI, J.V. BANNISTER and W.H. BANNISTER 
Department of Physiology p.nd Biochemistry, 
University of Malta 
Superoxioe cmd Supero'Xide Dismutase 
Oxygen has a propensity for one-elec-
tron redJction to supero}dde radica's which 
are potentially harmful in bio!'Ogica+ sys-
tems. The superoxide radical exists briefly 
as an anion (02-) at physiological pH. It 
decays by dismutation to molecular oxy-
gen and hydrogen peroxide: 
202- + 2H+ -7 O2 + H2 O2 
In 1969 a previously obscure copper pro-
tein of red blood cells, erythrocuprein, was 
shown to catalyse the diismutation of su-
peroxide radicals (McCord and Fridovich, 
1969). Erythrocuprein thus became super-
oxide dismutase and the object of inten-
sive study. 
Su;:eroxide dismutase is typica'lly an 
enzyme of aerobic organisms which utilise 
oxygen as the majm electron acceptor. 
The presence of superoxide dsmutase' in 
microorganisms has been found to paral'lel 
their to:erance for oxygen (McCord et al., 
1971). Thus aerobes have the highest 
levels of supewxide dismutase, aeroto!er-
ant anaerobes contain intermediate levels 
and obligate anaerobes do not possess 
the enzyme with the exception of some 
sulphate reducing bacteria and clostridia 
(Hewitt and Morris, 1975; Hatchikian et 
aI., 1976). 
Erythrocuprein was shown to be a cop-
per-zinc protein by Carrico and Deutsch 
(1970). Eurkaryotes have a copper-zinc 
superoxide dlismutase in the cytoplasm 
and a manganese enzyme in the mtochon-
dria (Weisiger and Fridovich, 1973). Pr'O-
karyotes have a manganese superoxide 
dismutase in the cell matrix and an iron 
enzyme in the periplasmic space (I<eele 
et aI., 1970; Yost and Fridovich, 1973). 
The luminous bacterium "Photobacterium 
leiognathi," which is a fish symbiont, is 
Elxceptional in that i+ contains iron and 
copper-zinc superoxide dismutases (Puget 
and Michelson, 1974). 
The manganese and iron superoxide 
dismutases of E. coli B have been shown 
by sequence homology to be related to 
each other and to mitochondrial manga-
nese superoxide dismuatase from chicken 
liver, but they are entirely different from 
eu'<aryote cytosol copper-zinc superoxide 
dismutases (Steinman and Hill, 1973). 
This supports the idea that present day 
mitochondria are the descendants of pro-
kc;ryotes which entered into an endocellu-
lar symbiosis with protoeukaryotes (Fri-
dovich, 1974). 
A variety of oxidation-reducti'On reac-
tions have been shown to produce super-
oxide radicals (Fridovich, 1975). The po-
tential sources of these radicals in the cell 
are of three kinds. One source is 1:he, oxi-
dation of the reduced: forms 'Of several 
compounds found in biological systems 
including hydroquinones, leucoflavins, ca-
techol amines, thiols, te,trahydropteridines, 
ferredoxin and rubredoxin. A second ana-
logous s'Ource is the oxidation of metabo-
lites by certain enzymes including xan-
thine oxidase, aldehyde oxidase, dihydro-
orotic dehydrogenase and some flavopro-
tein dehydrogenases. A third source is the 
dissociation or displacement of superoxide 
from the 'Oxygenated adducts of haem pro-
teins induding haemogIobin and oxypero-
xidase. The production of superoxide. radi-
cals during autoxidation of oxyhaemoglo-
bin and decay of oxyperoxidase to ferric 
peroxidase has been demonstrated (Misra 
and Fridovich, 1972; Rotilio €,t al. 1975). 
The autoxidation of oxyhaemoglobin is dis-
cussed below. 
Toxic reactions follow the reduction of 
oxygen to superoxide radicals Or hydrogen 
peroxide. The oxygen molecule has two 
7Q 
unpaired electrons with parallel spins, one 
in each of two anti-bonding Crr*) mo:ecu-
lar orbi~[1b. This sta~lO is the one of !o\Vost 
energy and reactivity for oxygen, the 
ground or triplet state. Two excited or 
energetic311y higher sing:et states are pos-
sible with spin pairing of the two electrons 
in one or over the two 7T* orbitals. Singlet 
oxygen is far more reactive than triplet 
oxygen although its life-time is extremely 
short (about one microsecond in water). 
Univalent reduction of oxygen to super-
oxide radicals is favourable because ac-
ceptance of an o!ectron in one of the 
haif-filled 7T* orbitals does not cause a 
need for spin inversion. 
Tho ubiquity of superoxido in biolo~ical 
systems is clear but little is known about 
its reactivity with biological material. Dele-
terious effects may be due to superoxide 
itself, to other oxygen reduction products 
derived from superoxidle, or to' free radi-
cals generated by reaction of superoxide 
or its products with ce+lular components. 
Superoxidie can mediate reductions, giving 
up its extra e:ectron, or oxidations, be-
coming reduced to hydrogen peraxide. In 
general free radicals are highly reactive. 
They can combine with one another to 
form covalent bonds or they can attack 
bonds in other molecules. This often leads 
to production of new radicals, setting up 
a chain reaction. Superoxide has limited 
bond breaking ability (Sutton et al., 1976). 
The superoxido anion (0 2-) is the con-
jugate' base of a weak acid called the hy-
droperoxyl radical (H0 2 ') whose pKa is 
4.8. The rate constant ,for spontaneous 
dismutation of superoxide species at pH 
7.0 is of 1he order of 10" M-'sec-
'
, where-
as the dismutaton catalysed by superoxide 
dismutase has a rate constant of the order 
of 109 M-1sec-1 (Fridovich, 1975). The 
half-life of superoxide radicals can there-
fore be decreased by several orders of 
magnitude by the enzyme. Another favour-
able consideration is the concentration of 
superoxide dismutase in the cell which is 
estimated to be at 18'ast five orders of 
magnitude higher than the steady state 
concentratian of sLlperoxide (Fridovich, 
1975). The probability af collision of a 
i-uperoxide radical with enzyrr.e is there-
fore much greater than that of collision 
with another superoxide radical. 
Th::J sp0:l1i:lneous reaction of superoxid'J 
with itse,:f generates hydrogen peroxide 
and singlet oxygen. The dismutase reac-
tion procliJces molecu'ar oxygen of nor-
mal reactivity, i.e. triplet oxygen, which 
gives the enzyme an additional a,dvantage. 
Hydrogen peroxide produced by the dis-
mutation of superoxide radicals (or other-
wise) can be decomposed in the cell by 
catalase and glutathione peroxidase. These 
enzymes probably act in concert with su-
peroxide dismutase to circumvent the 
toxicity of oxygen by eliminating the pri-
mary products of oxygen reduction. 
It has become common practice to sug-
gest that superoxide might generate 
hydroxyl radicals (0 H . ) in biological 
media via the Haber-Weiss reaction, 
O2- + 1-12 O2 ---) 01-1· + OH- + O2 , 
originally postulated as a step in the break-
down of hydrogen peroxide by iron salts 
(Haber and Weiss, 1934). However, this 
ignores the fact pointed out by Fee et al. 
(1975) that even in a solution of 95% 
hydrogen peroxide, superoxide reacts 
only by dismutation (George, 1947). It is 
possib!e that where there has been strong 
evidence of hydroxyl radical production, 
as in the autoxidation of several cytotoxic 
agents with formation of superoxide and 
hydrogen peroxide (Cohen and HeikkHa, 
1974), hydroxyl radicals were formed by a 
non-Haber-Weiss reaction not involving 
direct decomposition of hydrogen peroxide 
by supemxide radicals. Cohen and Heik-
ki:a (1974) mnke ths [::01nt in passinll. 
It should be noted that the hydroxyl radi-
cal is a very powerful oxidant and could 
vastly augment deleterious effects of 
superoxide. 
SuperQ}(ide in Red Blood Cells 
The red blood ce,11 is at increased risk of 
damage by sup':"roxide nnd hydror)en per-
oxide because of the carriage of oxygen 
by haemoglobin. Some 3% of the haemo-
globin in the erythrocytes is oxidized per 
c.:,ay and reduced again by methaemoglobin 
reductase and other systems which keep 
methaemoglobin leve:s ilt about 1% or 
the total haemoglobin. Methaemoglobin 
formation may either involve the loss of 
superoxide to leave an iron (Ill) compl'ex, 
or the addition of an electron to bound 
oxygen to givel an iron (Ill) peroxide. Mis-
ra and Fridovich (1972) showed that the 
autoxidation of shark oxyhaemoglobin 
caused the co-oxidation of adrenaline to 
adrenochrome. Part of this co-oxidation is 
due to a haemoglobin-catalysed peroxida-
tion of adrenaline since it cou!d be inhi-
bited by catalase. The remainder of the 
co-oxid'a'tion was inhibited by superoxide 
dismutase, indicating that autoxidation of 
oxyhaemoglobin results in the generation 
of superoxide radicals. The production of 
superoxide in the process of autoxidation 
has been demonstrated' in similar ways for 
bovine haemoglobin (Wever et at, 1973), 
a and f3 chains of human haemoglobin 
(Brunori et al., 1975), human haemoglobin 
A andunstab:e haemog,lobins (Winter-
bourn et at, 1976). Isolated a and f3 
chains and unstable haemog'lobins release 
superoxide at faster rates than Hb A. 
Whether sluperoxide dissociates or 
needs to be displaced from oxyhaemogllo-
bin depends on the electronic structure of 
the iron-oxygen complex. This has been 
considered to, involve a fully developed 
iron (Ill) superoxide ion couple (Weiss, 
1964) but recent studies ha,ve shown 
strong covalent bonding between iron 
and bent, end-on 'dioxygen, a type of bond-
ing which precludes ready loss of supero-
xid'e from oxyhaemoglobin. For this reason 
WaHacel et a!. (1974) have proposed that 
superoxide is displaced from oxyhaemo-
globin by anionic nuncleophiles in a proton-
assisted reaction. The chloride ion is suffi-
ciently active in this regard that with a 
normal human erythrocytel chloride con-
centration of about 0.1 M it could account 
for much, if not all, of the: normal autoxi-
dation of oxyhaemoglobin. Another featurJ 
of haem:ogllolbin autoxidation is its catalysis 
by copper probably after specific binding 
to the haemoglobin (Rif:kind, 1974). The 
copper-catalysed autoxidation of Hb A 
also involves superoxide prod'uction (Win-
terbourn et al., 1976). Copper migiht faci-
litate the superoxid'e loss mechanism in 
the erythrocyte via the fraction in rapid ex-
change with serum copper. 
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Release of superoxide can be regarded 
as the initial step in the a:utoxidation of 
haemoglobin. The superoxid'e can then 
oxidize more haem in competition with 
dismutation producing hydrogen peroxide, 
which itself gives further haem oxidation. 
Catalase decreases the autoxidation of Hb 
A by about 40%. Catalase and superoxide 
dismutase slow it down by about 65%. 
Superoxide dismutase alone has only a 
s'l'ight effect (Winterbourn et al., 1976). 
This is not unexpected. Reactions which 
produce superoxide are not generally alf-
fected' by superoxide dismutase. It is 
rather those reactions which are depen-
dent upon superoxid'e which can be inhi-
bited by the enzyzme (Misra: and Frido-
vich, 1972). It is possible' that in reactions 
where catalase ha,san inhibitory effe'ct 
augmented by s'Uperoxide dismuta'se, the 
latter could be protecting catalase from 
reaction with superoxide to form the enzy-
matica'lly inactive oxy form or Compound 
Ihl (Fee et al., 1975). 
Superoxide can oxidize the haem groups 
in oxyhaemoglobin and reduce tho'se in 
methaemoglobin. The oxidation of oxyhae-
moglobin has at rate constant of the order 
of 103 M-1sec-1 at pH 7. The rate constant 
for reduction of methaemoglobin is about 
30% higher (Sutton et aL, 1976). In the 
erythrocyte the higher concentration of 
oxyhaemog'!obin would favour the oxida-
tion reaction but this is effectively sup-
pressed by superoxide dismutase. The 
concentration of superoxide dismutase in 
normal erythrocytes is about 0.5 mg per 
g of haemiglobin or of the order of 10-6 M 
(Stansell and Deutsch, 1966). It is esti-
mated that the erythrocyte has a molecule 
of superdxide dismutase for every 600 
molecules of haemoglobin (Lavelle et aI., 
1974). The concentration of the enzyme 
does not decrease in Wilson's disease 
ev€.IO though serum caeruloplasmin is 
markedly reduced or absent (Alexander 
and! Benson, 1975). The dismutase reac-
tion in the erythrocyte is some 100 times 
faster than the oxidation of haemoglobin 
by superoxide taking into account the res-
pective rate constants and the concentra-
tions of superoxide dismutase and oxy-
haemoglobin, the product of the rate con-
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stant and concentration of reactant (kC) 
being about 104 sec-1 for the dismutase 
reaction and Gbout 102 sec-1 for haemglo-
b'n oxidation. The cr·ntro,ling er suppress-
ing role of superoxide dismuta~e is there-
fore abundantly clear (Sutton et al.,' 
1976). Carrell et 81. (1975) suggest that 
oxyhaemog,:obin may act as a buffer by i 
reaction with superoxide and hydrogen· 
peroxide protecting sensitive components I 
like the membrane lipids. If this is so, 
hypochromia would facilitate damage to 
the cell membrane and this might be par-
ticularly relevant in thalassaemia. 
The oxidation of Hb A by superoxide 
does not give rise to irreversibly dena1:Ured 
presence of reduced glutathione in the red 
blood celo!' apart from its availability for 
proforcntilll ox·:dation. 
--------------
Htinz: bod>!::; Hdr.z bodl!::' 
Lipid p.zroxidal."n 
hc:emoglobin derivatives in contrast to ~ 
oxidation by hydrogen peroxide. There is '------------------
no formation of haemichromes and precipi-
tation. The f3-93 cysteine residues are not 
oxidized. The unstable haemoglobins, 
Christchurch, Belfast and Koln react in a 
similar way to Hb A except for oxidation 
of the f3-93 cysteines in Hb Koln. The 
methaemoglobins produced are quickly 
converted into haemichromes and preci-
pitate, as expected for these haemoglo-
bins. Haemichrome formation and precipi-
tation is even more rapid after autoxida-
tion of isolated a and f3 chains (Winter-
bourn et aI., 1976). 
With no~mal level of superoxid'e dis-
mutaS'8 in the erythrocyte only about 1 % 
of the supewxide generated may be ex-
pected to react with haemoglobin. If other 
reactions occur they must either have kC 
products around 102 sec-1 in order to 
compete with superoxide dismutase and 
haemoglobin for superoxide or else take 
place. coterminously with superoxide ge-
neraticn (Sutton et a,l., 1976). 
~he red blood cell has an efficient 
system for dealing with hydrogen peroxide 
generated by dismutation of superoxide 
radicals or otherwise. It is considered that 
g'utathione neroxidase is the pr:mary 
enzyme which eliminates hydrogen pew-
xide in red cells a·lthough present at much 
lower activities than catalase (Cohen and 
Hochstein, 1963). Oxidized glutathione is 
reduced by glutathione reductase with 
NADPH genera·ted by the pentose phos-
phate pathway. This helps to rationJlize thJ 
Figure 1. 
SEpeio.,dde production and elimination in 
the red blood cell. <:l, Giycolysis, b, Meth-
aemoglobin reductase; c, Oxidation of oxy-
haeomOlg1obin; d, Su,peroxide dismutase.; e, 
Glutathione peroxid~se; f, Gluta~hione re-
ductG:lse; g, Pentose shunt. Interrupted CJT-
rows show reactions leading to haemo-
lysis. 
A scheme of superoxide production and 
elim'nafon in tile red b'ood cell is show:1 
in Fig. 1 after Carrell et a!. (1975). The 
oxidati·on of oxyhaemoglobin and reduc-
tion of methaemoglobin constitutes a 
cycle producing a continuous supply of 
superoxi:le. Any f::lctor that augments the 
proclJctcn of sU;Jeroxide or d:m:nishes the 
elimination of hydrogen poroxide after su-
peroxide dismutation is a potential threat 
to the red blood cell leading to haemolysis. 
Increased! production of superoxide via 
oxidation of haemoglcbin occurs with 
oxida,tive drugs, unstable haemoglobins 
and free a and f3 chains (as in thalassae-
mia). Build up of hydrogen peroxide can 
become acute in failure of reduction of 
oxidized glutathione through lack of 
NADPH generaltion in gl·ucose-6-phosphate 
dehydrogenase deficiency. Direct toxic ef-
fects of superoxide are not shown in Fig. 
1. The activity of superoxide dismutase in 
red blood cells in very high and superoxide 
dismutase deficiencies have yet to be de-
monstrated. Superoxide-dependent peroxi-
dation of membrane lipids has been infer-
red from protection exerted by superoxide 
dismutase. A free radical or radical-like 
agent is involved in lipid peroxidation. 
Superoxide and hydrogen peroxide give 
risc to this a(]ent (Z;mr.lormann et d .. 
1973; Tyler, 1975). 
Exposure of red blood cells to super-
oxide radicals does not cause haemolysis 
(Fee et Cll., 1975). Oialuric acid (2,4,5 
6-tetrahydroxypyrimidine), which autoxi-
dizes rapidly to alloxan with production of 
superoxide and hydrogen peroxide, pro-
duces lipid peroxidation and haemolysis of 
erythrocytes from vitamin E-deficient rats. 
Catalase gives considerab;e protection 
against haemolysis if present during the 
brief period of oxidation of the dialuric 
acid. A mixture of catalase and superoxide 
dismutase is more effective than cata,lase 
a,lone. Superoxide disrnutase by itself is 
not eff;ective'. Hydrogen peroxide in the 
concentration produced by oxidation of 
the dial uric acid has no haemolytic effect. 
Oialuric acid and oxygen probably react 
to form some highly reactive substance 
which either attacks the red cell mem-
hrane d'rocll"j or serves as a precurSOi ;!"r) 
the reactive substance. Catalase might 
react with the reactive species rather than 
hydrogen peroxide. Superoxide might 
block the effect of catalase by formation 
of Compound III and superoxide dismutase 
might prevent this (Fee et al., 1975). 
Erythrocyte Superoxide Dismu~ase 
- Erythrocuprein 
The first preparation of erythrocuprein 
was from bovine erythrocytes (Mann and 
Keilin, 1939). Human erythrocuprein was 
first iso'ated by Markowitz et ~!. (1959). 
Thus erythrocuprein was known for seve-
ral years before its superoxide dismutase 
activity was found by McCord and Frido-
vioh (1969). Interestingly superoxide dis-
mutase activity of tissue extracts or hae-
mol,ysates was reported unknowingly in 
1967 as tetrazolium oxidase activity. Two 
isozymes called A and B were found. A 
deviating phenotype of isozyme A was 
not reflected in isozyme B. This suggested' 
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that the two isozymes were under separ-
ate genetic control (Brewer, 1967). In 
fact isozyme A corresponded to cytosol 
Or copper-zinc superoxide dismutase and 
isozyme B corresponded to mitochondrial 
or manganese supero.xide dismutase 
(Beckman et 8i1., 1973). 
Erythrocuprein is cytosol superoxide 
d:smutase. This form of superoxide dismu-
tase has a mo:ecular weight of about 
32,000 and consists of two subunits. Each 
s'Ubunit contains one atom of copper and 
ono atom of zinc. The catalytic activity in 
due to the copper. The zinc probaly helps 
to stabilize the tertiary structure of the 
enzyme. 
Knowledge of human erythrocuprein 
has lagged behind that of the bovine 
onzym0. The complete amino acid sequence 
of bovine erythrocuprein is known (Stein-
man et al., 1974) and theh three-dimension-
al structure as revealed by X-ray diffrac-
tion analysis is known to a resolution of 
3 Angstroms (Richardson et eL, 1975). 
The subunits are identical. The most pro-
minent structural feature of the enzyme is 
a cylinder like a barrel whose walls are 
composed of eight strands of the peptide 
cha'n in a,n antiparallel f3 structure. The 
helical content is very low. These findings 
have vindicated earlier predictions of the 
secondary structure from circular dichro-
ism and infra-red spectra (Wood et al., 
1971; W.H. Bannister et al., 1973). The 
met31s share a histidine residue at position 
61 of the amino acid sequence. The cop-
per. which is more exposed than the zinc, 
is liganded to three other histidines. The 
histidine ligands of this metal had been 
predicted by nuclear magnetic resonance 
spectra (Stokes et al., 1973) The zinc is 
liganded to two more histidines and an 
aspartic acid residue. 
It has been suggested that the subunits 
might not be identical in human erythro-
cuprein (Hartz and Oeutsch, 1972). This 
is at variance with the observed poly-
morphism of the enzyme. Human cytosol 
superoxide dismutase (SOO-1) is poly-
morphic in northern Sweden and northern 
Finland with genetically contro'!:ed electro-
phoretic variation. The common pheno-
type, SOO-1 1, shows one ma'jor zone 
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and one or two minor anodically faster 
moving ~ones in gel electrophoresis. The 
rare phenotype" SOD-1 2, shows a simi-
lar isozyme pattern but with an overall 
slower electrophoretic mobility. The phe-
notype, SOD-1 2-1, shows the SOD-1 1 
and SOD-1 2 zones and in addition a hy-
brid enzyme with intermediate electropho-
retic mobility. The observation of this hy-
brid enzyme implies that the superoxide 
dismuta'se is at least a dimer formed 
through free recombination between two 
equal polypeptide subunits (Beckman et 
al., 19]3,). 
Most preparations of human erythrocyte 
s,uperoxide dismutase have contained a 
minor component with somewhat faster 
anordic mobility in gel electrophoresis 
(Bannister et 01., 1972) We recently de-
scribed the isolation and properties of two 
forms of superoxide dismutase from hu-
man erythrocytes, SOD I and SOD II 
(Bannister et al., 1976). These can be ob-
tained from a haemolysate of red blood 
ce,Ns after precipitation of the haemoglobin 
with a: mixture of ethanol and chloroform. 
They are separated by ion-exchange chro-
m:atography on QAE-Sephadex with buf-
foes of low ionic strength and decreasing 
pH. SOD I and SOD 11 are homogeneous 
in polyacrylamide gel elec~rophohresis. 
SOD 11 has a slightly higher anodic mobi-
lity than SOD I. Both SOD I and SOD II 
contain 2 g a,toms of copper and 2 g 
atoms of zinc per mole of protein. The mte 
constant for the dismutase reaction esti-
mated with a xanthine-xanthine oxida'se-
cytochrome c assay system (Sawada 
and Yamazaki, 1973) is 1.2 x 109 M-I 
sec-I for SOD I and 1.3 x 109 M-I 
sec-I f'or SOD 11 at plH 7.8 in good agree-
ment with the va lue: of 1.4 x 109 M-I 
sec-I at pH 7.5 determined: in a previous 
pulse radiO'lysis study On human erythro-
cuprein (J.V. Bannister et al., 1973). The 
amino acid compositions of SOD I and 
SOD 11 are essentialNy similar. lihe percen-
tages of secondary structure as computed 
from far-ultraviolet crcular dischroism spec-
tra are close'ly simlar for SOD land SOD 
11. Little helical structure (4-9%) and 
about 50% (47-58%) ,B-sheet secondary 
structure is indicated. 
Human erythrocuprein has a well-re-
solved band at 322 nm in the absorption 
spectrum (Bannister et al., 1972) which is 
not shown by bovine and other known 
cytosol superoxide' d'ismutases. The band 
is optically active giving a strong positive 
contribution in the circular dichroism spec-
trum. The chromophore is present in SOD 
I and laoking in SOD 11. We have pre-
viously shown that a persulphid'e group, 
R-S-SH, is the most likely structure for 
the chromophore on the basis of its che-
mical reactivity. Four g atoms of labile 
su:phur per mole of protein were found 
(Calabrese et all., 1975). Labile sulphur 
may be related to some as yet unknown 
physiological function of human erythrocy-
te superoxide dismutase. 
The amino acid composition of human 
orythrocyte s'ueroxide dismutase shows 
some difference with respect to the bovine 
enzyme. Tryptophan is present and 
methionine is notably absent. The pre-
sence of tryptophan originally inferred 
from ultraviolet fluorescence spectra (Ban-
nister et al., 1968)" has been confirmed by 
magnetic circular dichroism spectra. Two 
residiues are indiica,ted. The catalytic or 
copper site is closely simil'ar to that in 
bovine enzyme (Roberts et c;l., 1974). 
Nuoliear magnetic resonance spectra, indi-
cate a' histidine ligand field for the copper 
as in the superoxide dismutase of bovine 
e ryth rocytes. 
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